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We report here surface x-ray scattering studies of the adsorption of simple hydrocarbon liquid ﬁlms on
nanostructured surfaces—silicon patterned by an array of nanocavities. Two different regimes, ﬁlling and
growing, are observed for the wetting ﬁlm evolution as a function of the chemical potential offset   
from the bulk liquid-vapor coexistence. The strong inﬂuence of geometrical effects is manifested by a   
dependence of liquid adsorption   in the nanocavities that is stronger than the van der Waals behavior
       1=3 for ﬂat surfaces. The observed    dependence is, however, much weaker than predicted for
the inﬁnitely deep parabolic cavities, suggesting that the ﬁnite-size effects contribute signiﬁcantly to the
observed adsorption behavior.
DOI: 10.1103/PhysRevLett.95.217801 PACS numbers: 68.15.+e, 61.30.Hn, 68.03.Fg, 68.08.Bc
The behavior of liquids on laterally heterogeneous sur-
faces has recently attracted much theoretical attention [1–
4] due to its relevance to the basic properties of liquids that
are conﬁned to nanoscale structures [5,6]. Related phe-
nomena such as the effect of nanoroughness on wetting
[7] and the crossover to capillary ﬁlling [8] have impact on
emerging applications, including nanoﬂuidic devices [9],
nanotemplating [10], and surface rheology [11]. For ho-
mogeneous ﬂat surfaces, the microscopic development of
liquid wetting ﬁlms is dictated by the details of the inter-
molecular interactions [12,13]. The power-law form d /
     often successfully describes the dependence of ﬁlm
thickness d on the chemical potential offset    from the
bulk liquid-vapor equilibrium. For ﬂat surfaces and
van der Waals (vdW) forces the exponent     1=3 [14].
Much more complex behavior is found for random rough
or self-afﬁne surfaces [15,16], due to the contribution of
the microscopic local curvature [17]. However, for well-
deﬁned surface topologies, recent theoretical studies pre-
dict a power-law form dependence for liquid adsorption
with    1=3. The direct correspondence between the
wetting exponent   and the shape of surface structures
can be established theoretically for a variety of geometries
[18–21]. On the other hand, experimental constraints have
limited the veriﬁcation of these predictions to isolated
submicron drops [22] and micron-sized surface topo-
graphical features [23,24], and the majority of the pre-
dicted phenomena on the nanoscale has remained untested.
In this Letter we report the microscopic evolution of the
wetting ﬁlm of methyl-cyclohexane (MCH) on silicon
surfaces patterned with nanoscale arrays of parabolically
shaped cavities. We demonstrate that the nanoscalewetting
behavior of thin liquid ﬁlms, 1–20 nm thick, can be studied
by probing nanopatterned surfaces using x-ray reﬂectivity
(XR) and grazing incidence diffraction (GID), both well
developed quantitative techniques [25]. At small   ,
where a liquid ﬁlm completely covers the surface patterns,
we observed the    1=3 dependence for the adsorption,
similar to thevdWinteracting ﬁlm on ﬂat surface. At larger
  , the adsorption behavior on patterned surface crosses
over to a geometry dominated dependence with steeper
FIG. 1. (a) Scanning electron microscopy (top view) of the
hexagonally packed array of nanocavities. (b) GID pattern of the
hexagonal surface array. (c) TEM cross section of the individual
cavity. The cavity depth is 17:2   0:8n mand the diameter at
opening is 24:6   2n m(averaged over 5 pits). (d) The cavity
shape (solid line) reconstructed from the electron-density proﬁle
 dry z  as r z  
                                                       
 1  h  dry z i= Silicon A= 
q
(dot-dashed line),
where A   
   
3
p
=2 c2 is the hexagonal unit cell area and c  
39:4n mis the nearest neighbor distance. This curve is also
shown in (c) as the dashed line. Since XR is not sensitive to
the structures near the bottom of the cavity, the power-law shape
discussed in the text was only ﬁtted to r z  in the range 2:3n m<
r<12 nm. The region for r<2:3n m(dotted line) was inter-
polated.
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surface cavities occurs.
A nanopatterned substrate was prepared by reactive ion
etching of an underlying silicon substrate coated with a
self-assembled block-copolymer mask [26]. The resulting
hexagonal array, shown in Fig. 1(a), consists of  20 nm
diameter cavities, with nearest neighbor distances of about
40 nm. The peaks observed in the GID intensity [Fig. 1(b)]
as a function of wave vector transfer in the surface plane,
qxy, are consistent with hexagonal packing of the cavities.
From transmission electron microscopy (TEM) studies it is
apparent that the cross section of the dry cavities is ap-
proximately parabolic [Fig. 1(c)]. Since TEM is not a
practical method for volatile liquids, the wet cavities are
probed by x-ray methods. One measure of the reliability of
the x-ray approach can be obtained by a comparison be-
tween the TEM result and the pit shape [Fig. 1(d)] ex-
tracted from the XR described below [Fig. 3(a)]. In the
region from the cavity bottom (r   z   0) to the ﬂat
substrate (z   20 nm) the shape of the surface deﬁning
the cavity can be conveniently parameterized by z  
r =L  1 [1], where the best ﬁt to the XR yields the
characteristic length, L   8   1:2n m , and    
2:0   0:4. The TEM and XR derived shapes are in agree-
ment at r>2:3n m . The cusplike difference at r<2:3n m
may originate from a distribution of cavity depths where
the corresponding volume difference is small [Fig. 1(d)].
Toachieve liquid ﬁlmswitha nanometer scale thickness,
the liquid adsorption was varied by controlling the chemi-
cal potential difference between the adsorbed ﬁlm and a
reservoir of bulk liquid,      @ 0=@Tjp T  
 H T=T, where  0 P;T  is the chemical potential of
the bulk liquid, T   305 K and H   5:8   10 20 J is the
latent heat of vaporization per MCH molecule [14].
Temperature differences  T of 1 mK to 10 K between
the substrate and the reservoir provide thickness control
from 20 nm to sub-nm over the macroscopic area [27].
In addition to conﬁrming the hexagonal packing of the
pattern, GID probes the average form factor of the cavities,
and is therefore sensitive to decreases in electron-density
contrast between the cavity and the silicon as the cavity
ﬁlls with liquid. As shown in Fig. 2, for 15 K >  T>
0:5K , there is a systematic reduction in the intensity of
(11) hexagonal diffraction peak as the liquid adsorption  c
increases. For  T<0:5K , the cavities are completely
ﬁlled and no further intensity changes have been observed.
A reasonable measure of the liquid ﬁlling can be obtained
from  c  T /
       
Idry
p
 
             
I  T 
p
, where Idry and I  T  are
the integrated intensities of the (11) peak for the dry and
wet surfaces.
Details of the surface normal structure of the wetting
ﬁlm have been probed by XR, in which the specular
intensity is measured as function of the surface normal
wave vector transfer, qz [25]. Figure 3(a) shows represen-
tative XR data from the patterned substrate for the dry
(black) and wet surfaces (red and blue) at  T between
0.001 and 15 K, along with calculated model ﬁts. Theweak
modulations at low qz < 0:1   A 1 are due to interference
between scattering from the ﬂat top surface and the cavity
bottom. The depth of the cavity corresponds to approxi-
mately D   2 = qz   20 nm, where  qz   0:03   A 1 is
the period of the XR modulation. The changes at qz <
0:1   A 1 in the presence of vapor are related to liquid
adsorption in the cavity, whereas the modulations in the
FIG. 2. The (11) GID scattering proﬁles vs qxy measured at the
values of  T shown in the scale.
FIG. 3 (color). (a) XR data for the dry (black circles) and
wet (red and blue circles) obtained on the nanopatterned surface
and the corresponding ﬁts (lines) as described in the text.
(b) Corresponding electron-density proﬁles for the dry (black)
and wet surfaces, in the ﬁlling (red) and growing (blue) regimes.
Inset: Schematic representation of the regimes.
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217801-2XR at larger qz are inversely proportional to the thickness
of ﬁlm on the ﬂat regions of the substrate. The best repre-
sentations of the average electron-density proﬁles over the
hexagonal unit cell, h  z i, are obtained by least-squares
ﬁtting of the h  z i dependent XR to the measured XR in
the dynamic limit [28].
The simplest model of the dry cavity is the above-
mentioned quadratic parameterization (    2). In the
range 0 <z  D, the cavity’s parabolic shape yields an
average electron density h dry z i / z.Furtheranalysis was
done with a more ﬂexible h  z i model that was composed
of 2 slabs of variable density which are smeared by rough-
nessfactors. The cavity part (0 <z<D )ofthe black curve
in Fig. 3(b) that represents the best ﬁt to the dry surface is
reasonably close to the simple linear density proﬁle ex-
pected from the parabolic shape. For the wet surface the
thicknesses of the 2 slabs were ﬁxed at the values deter-
mined for the dry cavity and the liquid adsorption in the
cavity was modeled by their densities. A third slab was
added to describe the adsorption above the cavity opening.
The best-ﬁt electron-density models are shown in
Fig. 3(b) for decreasing  T from 10 to 0.001 K. As  T
is reduced from10to0.5Kthere is a continuousincrease in
h  z i within the cavity region [0 <z<Din Fig. 3(b),
red], with little corresponding change in the h  z i above
the surface. In contrast, when  T is decreased further,
there is a monotonic growth of the liquid ﬁlm on the silicon
surface [z>Din Fig. 3(b), blue] from 1.4 nm at 0.5 K to
7.5 nm at 1 mK [see Fig. 4(b)] with small changes in h  z i
in the cavity region. Thus, two distinct regimes of the
liquid ﬁlm development are apparent from the proﬁles,
i.e., ﬁlling and growing. When the cavities are completely
ﬁlled, the electron density has increased by 0:09 e=  A3 at
z   D. Since the opening of cavities covers 34% of the
surface area, this corresponds to an effective ﬂuid electron
density of 0:26   0:01 e=  A3, close to     0:26 e=  A3 of
bulk MCH.
The dependence of the wetting ﬁlms on    has been
predicted to be remarkably different for the inﬁnitely deep
wedge as compared to a ﬂat surface [1,2]. In order to
compare different behaviors it is convenient to introduce
the areal adsorption,    h
R1
0   z   dry z dzi. vdW
adsorption on ﬂat surfaces yields a uniform ﬁlm of thick-
ness d    = , and    T /d /  T 1=3 [29,30]. Indeed,
the thickness (from 0.8to 12 nm) onthe ﬂat surface follows
the 1=3 power law, as shown in Fig. 4(b), right scale. For
patterned surfaces, the amount of liquid per unit cell can be
expressed as the sum      c    t of the amount adsorbed
in the cavity,  c  h
RD
0   z   dry z dzi, and the
amount adsorbed above the cavity opening,  t  
h
R1
D   z dzi [Fig. 3(b), inset]. For very deep isolated cav-
ities, the theoretical prediction for the adsorption of liquid
is that it should follow the functional form [18],  c /
 T  c, with a geometry dependent exponent  c.F o ra
concave wedge, the thickness of liquid in the center d0 is
predicted to follow d0 /  T   [1,18], where     2 in our
case. The  T dependence of liquid adsorption can be
roughlyestimated byusingthisrelation ford0 andaccount-
ing for the volume V d0     =2 Ld0
2     =3  Ld0 3=2
between the parabolic solid cavity and a spherical liquid
surface [1,18], where for the liquid with the number den-
sity  n and surface tension   the radius, R   2 =   n
[inset to Fig. 4(a)] is given by the Laplace equation. For the
experimentally relevant cavity size this can be well ap-
proximated as  c / V    T 3:4.
An experimental measure of  c can be obtained from
GID analysis of  c  T  [Figs. 2 and 4(a), ] in the regime
when the cavities are ﬁlling [Fig. 4(a), ].  c  T  esti-
mated from the XR [Fig. 4(a), ] demonstrates similar
behavior; however, due to the large error bar ( 20%)
in the XR measure of  c  T , it is not possible to obtain
the detailed temperature dependence from the XR alone.
The measured values for  c can most easily be com-
pared with the predicted behaviors for the two limiting
cases, i.e., ﬂat surfaces with vdW interaction ( c   1=3)
and isolated, inﬁnitely deep parabolic cavities ( c   3:4),
by recognizing that the observed  c from the GID in the
ﬁlling regime (1K<  T<10 K) is reasonably well
represented by the power-law form  c /  T  c with
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FIG. 4. (a) Liquid adsorption within the cavity obtained from
XR () and GID (). Black line represents  c   0:76, dotted
and dashed lines correspondingly represent     1=3 and    
3:4. The   range for which the theory for inﬁnitely deep cavities
applies [1] is estimated from the geometrical construction (in-
set). Surface is covered with a wetting layer (gray) of thickness
l    , drawn to scale. (b) Liquid adsorption  t on the patterned
substrate above the ﬂat part ( ) and on a planar substrate ().
Fit (solid lines) yields     1=3 for  T<0:5K ; for  T>0:5K
the deviation from the extrapolation of the     1=3 law (dashed
line) is observed for the patterned substrate.
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217801-3 c   0:76   0:2=   0:4[Fig.4(a),line]. This clearly dem-
onstrates that the wetting of the cavities varies more rap-
idly than the  c   1=3 of the ﬂat surface. On the other
hand, the observed dependence is weaker than the pre-
dicted  c   3:4 behavior. The theoretical prediction for
the deep cavities [1] should apply for d0 <d max
0 where a
sphere of radius R (described above) can be inscribed into
the cavity. From a simple geometrical construction
[Fig. 4(a) inset] we estimate dmax
0 is 10 nm, corresponding
to  c < 2:7 e=  A2. This indicates that for most of the ﬁlling
regime the ﬁnite size and truncation of the cavities should
not be neglected, and hence it is not surprising that the rate
of ﬁlling is signiﬁcantly different than expected for deep
isolated cavities. At present there is no quantitative theory
that fully accounts for the ﬁnite-size effects and nonlocal
liquid-surface interactions [31].
In Fig. 4(b) we compare the behavior of liquid adsorp-
tion    T  on a ﬂat substrate () and on the patterned
surface ( ) above the cavity opening (z>20 nm) over the
full measured region 10 K    T>0:001 K. Adsorption
on the ﬂat surface is in excellent agreement with the 1=3
power-law dependence (solid line) over the entire  T
range. For the patterned surface the dependence cannot
be described by a simple power law over the full range. For
 T<0:5K , the wetting behavior is similar to that of the
ﬂat surface, albeit with a smaller thickness (solid line). For
 T>0:5K , where the cavity ﬁlling occurs (dashed line),
the thickness of the liquid layer on the top surface appears
to be close to the values observed for the ﬂat substrate. The
observed trend is similar to the theoretical results of
Robbins et al. [17] for 2D rectangular geometries.
In summary, we have demonstrated that an array of
nanocavities dramatically modiﬁes the wetting behavior
in the regime where the cavities are ﬁlled as compared to
the 1=3 power-law dependence observed on ﬂat surfaces.
In this ‘‘ﬁlling regime’’ the observed    dependence of
liquid adsorption is considerably weaker than that pre-
dicted for deep parabolic cavities. The results suggest
that ﬁnite-size effects considerably inﬂuence the wetting
behavior of nanoscale cavities, which, for deep cavities,
was predicted to be uniquely dependent on the cavity shape
only [1,18]. Studies of other surface geometries as well as
reﬁned theoretical descriptions and simulations that ac-
count for the actual cavity size should provide further in-
sights into wetting phenomena on nanostructured surfaces.
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